Expression of a BCR is critical for B-cell development and survival. We have identified 4 patients with agammaglobulinemia and markedly reduced but detectable B cells in the peripheral circulation. These B cells have an unusual phenotype characterized by increased expression of CD19 but no BCR. The cells are positive for CD20, CD22, and CD38, but not for Annexin 5 or activation markers, including CD69, CD83, or CD86. EBV lines derived from these B cells lack functionally rearranged immunoglobulin heavy-chain transcripts, as shown by PCR-rapid amplification of cDNA ends (PCR-RACE). Analysis of BM from 2 of the patients showed a severe reduction in the number of pro-B cells as well as pre-B cells. Functionally rearranged heavy-chain transcripts were identified, indicating that machinery to rearrange immunoglobulin genes was intact. Flow cytometry of B-lineage cells suggested accelerated acquisition of maturation markers in early B-cell precursors and increased phosphorylation of signal transduction molecules. Further, expression of TdT, a molecule that is normally down-regulated by a functional pre-BCR complex, was decreased. We hypothesize that the accelerated maturation, increased expression of CD19, and lack of a BCR were due to the constitutive activation of the BCR signal transduction pathway in these patients. (Blood. 2011;118(7):1828-1837) Introduction B-cell development is critically dependent on appropriate signaling through the pre-BCRs and BCRs. Mutations that decrease the function of any of the components of these receptors, including heavy chain, Ig␣, Ig␤, and the proteins that make up the surrogate light chain result in a severe block in B cell differentiation at the pro-B to pre-B-cell transition. [1] [2] [3] [4] [5] Defects in proteins required for downstream signaling through these receptors, including Btk and BLNK, also result in a selective B-cell deficiency. [6] [7] [8] However, mutations in these proteins do not account for all of the patients with isolated defects in B-cell development.
Introduction
B-cell development is critically dependent on appropriate signaling through the pre-BCRs and BCRs. Mutations that decrease the function of any of the components of these receptors, including heavy chain, Ig␣, Ig␤, and the proteins that make up the surrogate light chain result in a severe block in B cell differentiation at the pro-B to pre-B-cell transition. [1] [2] [3] [4] [5] Defects in proteins required for downstream signaling through these receptors, including Btk and BLNK, also result in a selective B-cell deficiency. [6] [7] [8] However, mutations in these proteins do not account for all of the patients with isolated defects in B-cell development.
Premature or excessive signaling through the pre-BCR or BCR may also cause a reduction in the number of peripheral B cells. Early studies in transgenic mice showed that expression of the membrane form of a rearranged immunoglobulin heavy chain resulted in markedly reduced numbers of B-lineage cells in the BM and in the periphery. 9 This was attributed, at least in part, to rapid transit through early stages of differentiation. Rearranged heavy chains encoding high-affinity or activating antibodies for auto-antigens result in clonal deletion of immature B cells. 10 Enhanced activation of the BCR pathway also causes a reduction in the number of B cells. Mice bearing a transgene for a constitutively active form of Btk (E41K) have a B-cell deficiency that is more severe than that seen in mice that lack Btk. 11 More indirectly, increased expression of CD19, a molecule that enhances signaling through the BCR, also results in a marked decrease in the number of peripheral B cells. 12 Genetic alterations that enhance B-cell signaling have been reported in patients with systemic lupus erythematosus, 13, 14 but not in patients with agammaglobulinemia.
We have found that some patients with isolated defects in B-cell development have a small number of B cells in the peripheral circulation. The phenotype of these cells may provide clues about the nature of the gene defect. A subset of patients, including all reported patients with mutations in the heavy chain, have undetectable CD19 ϩ cells in the blood with a level of sensitivity of 0.01%. 15 By contrast, most patients with mutations in Btk have between 0.01% and 0.5% CD19 ϩ cells in the blood. These cells express high-density surface IgM, but have decreased intensity of HLA DR and CD21. 16 Some of the patients with B-cell defects of unknown etiology have a small number of CD19 ϩ cells with a phenotype similar to that seen in patients with mutations in Btk; others have a few B cells that resemble B cells from healthy controls except that they lack CD27 ϩ B cells. We have analyzed 4 unrelated patients with agammaglobulinemia and Ͻ 3% CD19 ϩ cells who have a very distinctive B-cell phenotype characterized by high-intensity CD19 and the absence of a BCR.
Methods

Patients
All of the patients included in this study were enrolled in a St Jude Children's Research Hospital institutional review board-approved protocol to identify and characterize gene defects resulting in immunodeficiency.
Written consent was obtained from patients and/or parents in accordance with the Declaration of Helsinki. Clinical and laboratory information on each patient was obtained from the referring physician using a standard survey form. Patient number 1 was reported previously. 17 
Flow cytometry
Peripheral blood lymphocytes and BM cells were separated by Ficoll Hypaque centrifugation and stained as described previously. 2, 3 All patient samples were stained and analyzed in parallel with a sample from a healthy donor. In some experiments, both the patient and control samples had been previously frozen. No difference was noted between the fresh and frozen samples. The following reagents were used: PE CD19, APC CD19, APC CD22, PE CD20, Per CP Cy 5.5 CD20, PE CD10, FITC CD5, FITC CD25, FITC CD69, PE CD69, PE CD123, and FITC annexin V (BD Biosciences); FITC goat anti-IgM, PE goat R(ab)2 anti-IgM, PE goat anti-IgD, and FITC goat anti-and anti-(SouthernBiotech); FITC CD21 (Biosource); FITC CD38, PE CD37, PE CD117, PE CD179a, PE CD127, and FITC CD23 (Beckman Coulter); PE CD24 (Caltag); PE CD79a (Dako); PE CD86, FITC CD83, and APC CD62L (eBioscience); and FITC TdT (SuperTechs). PE-labeled antibodies to phosphorylated PLC␥2, BLNK, NFB, ERK, and total phosphotyrosine were obtained from BD Biosciences.
Single-cell PCR
Peripheral blood lymphocytes from the patient and a control were stained with PE CD19 and FITC CD38 and then isolated on a MoFlo sorter. Gates that were drawn to separate the patient cells that were brightest for CD19 and CD38 from cells that were dimmer but still positive for CD19 and CD 38 were used to isolate single cells from both the patient and healthy controls. Cells were sorted into a 96-well BioRad Hard-Shell plate. Reagents from the iScript Kit (Bio-Rad) were used to synthesize cDNA according to the manufacturer's instructions with the addition of 0.1% Triton X-100. The first round of nested PCR was done directly in the 96-well plate in a 50-L volume. Depending on the PCR reaction, 2 or 3 L of first-round PCR product was added to a new 96-well plate with the addition of positive and negative controls, and 20 L of the second-round PCR products were analyzed on a 1% agarose gel. The primers for heavy-chain and light-chain rearrangements were taken from Brezinschek et al 18 and Wang et al, 19 respectively.
PCR-RACE
EBV-transformed lymphocytes were harvested and RNA was extracted using the Qiamp RNA blood mini kit (QIAGEN). A total of 10 g of RNA was used to produce rapid amplification of cDNA ends (RACE) cDNA using the Applied Biosystems First Choice RLM-RACE kit. Nested PCR was performed according to the kit instructions using nonoverlapping primers. RACE products were cloned into Topo TA vector (Invitrogen) and sequenced using vector primers.
Results
CD19 expression on B cells from patients with defects in B-cell development
The intensity of CD19 on circulating B cells from healthy controls was homogeneous, whereas the expression of this marker was variable and lower in patients with mutations in Btk. Decreased expression of CD19 has also been seen on the B cells from a patient with a hypomorphic mutation in Ig␤ 3 and a patient with a mutation in BLNK (supplemental Figure 1 , available on the Blood Web site; see the Supplemental Materials link at the top of the online article). A subset of patients with defects in B-cell development of unknown etiology also have a small number of B cells with decreased expression of CD19. To determine whether the decreased CD19 could be attributed to the stage of maturation of the B cells, we stained cells with antibodies to CD19, CD24, and CD38 to identify transitional B cells, recent emigrants from the BM. 20, 21 In most patients with X-linked agammaglobulinemia (XLA), the majority of the CD19 ϩ cells express a CD38 high/CD24 high phenotype, the phenotype that characterizes immature transitional B cells. However, as expected, only 5%-10% of the CD19 ϩ cells from controls expressed this phenotype. The CD19 mean fluorescence intensity (MFI) of the transitional cells from patients with XLA was consistently lower than that of controls (supplemental Figure 2) .
BCR ؊ B cells
In contrast, increased expression of CD19 was seen on the B cells from 4 patients with defects in B-cell development of unknown etiology ( Table 1) . Three of the patients were North Americans of European descent and the fourth was Mexican. None had a family history of consanguinity or immunodeficiency. All 4 patients had the early onset of infections, profound hypogammaglobulinemia, and Ͻ 3% CD19 ϩ cells in the circulation on multiple occasions (Table 2 ). More strikingly, these B cells lacked a BCR (Figure 1 ). Although these CD19 bright cells were positive for other B-cell markers, including CD22, CD20, and cytoplasmic CD79a (Ig␣), they were negative for surface IgM, IgD, Ig, and Ig. They were also negative for cytoplasmic IgM (Figure 2A ). Like the majority of B cells from patients with mutations in Btk, the B cells from these patients were predominantly CD38 ϩ and CD21 Ϫ . The costaining The number of individuals analyzed is shown in parentheses. Patients 2 and 3 were evaluated twice at least 1 year apart. For personal use only. on April 20, 2017 . by guest www.bloodjournal.org From of CD19 and CD38 demonstrated a distinctive pattern in which the cells that were brightest for CD19 were also brightest for CD38 ( Figure 1) .
The B-cell phenotype in patients 2 and 3 was analyzed in more detail. The CD19 ϩ cells from these patients were equal to control cells in size and complexity. They were negative for annexin V and did not express the activation markers CD83, CD86, or CD69, or the memory marker CD27. Like B cells from patients with mutations in Btk, the majority of the B cells from patients 2 and 3 were positive for CD10 but negative for CD5 ( Figure 2B ). Compared with B cells from healthy controls, the B cells from the BCR Ϫ patients and the patients with mutations in Btk were dimmer for CD23. Although the percentage of CD19 ϩ cells that expressed low amounts of CD62L were similar in the patients and controls, the cells that were brightest for CD19 in the BCR Ϫ patients were dimmest for CD62L ( Figure 2B ).
EBV-transformed B-cell lines from patients with BCR ؊ B cells
To determine whether the B cells from the patients with increased expression of CD19 were truly BCR Ϫ , EBV-transformed B-cell lines were generated from these patients. One cell line each was obtained from patients 1 and 3, and 4 cell lines were obtained from patients 2 and 4. Although the EBV-transformed lines from the BCR Ϫ patients were positive for Ig␣, they were negative for the some germline fragments. None of the cell lines from patients with mutations in Btk or healthy controls contained any germline fragments.
RACE was used to identify heavy-and light-chain gene rearrangements in these EBV lines. An antisense primer hybridizing to the constant region of the heavy chain allowed amplification of products from all of the cell lines; however, no functional VDJ rearrangements were identified in any of the lines. Four different sterile transcripts were isolated from the line from patient 1; 2 contained sequence from JH1 or the JH1 pseudogene and the remaining 2 contained a small amount of sequence proximal to the enhancer as well as the constant region. Nine different sequences from the 4 cell lines from patient 2 were identified; 2 full-length VDJ rearrangements were derived from one of the lines (Figure 3 lane 3) , one of which was out-of-frame and the other used a pseudo VH gene. Of the 7 sequences isolated from the 3 other cell lines, 5 encoded unique transcripts for D proteins and 2 encoded sterile transcripts that contained J5 or J6 sequence but no D sequence. The transcripts for a D protein (D4-17/J4) and a sterile J5 transcript were seen in the EBV line from patient 3. No full-length VDJ rearrangements were seen in the 4 cell lines from patient 4. Two of the cell lines contained transcripts for a D protein as well as sterile transcripts; the remaining 2 lines contained only sterile transcripts.
A total of 6 unique transcripts could be found in the lines from patient 2. Four of these were out-of-frame and the remaining 2 appeared to be normal in-frame sequences. No rearranged transcripts could be found in the EBV lines from patients 1, 3, and 4. Only sterile transcripts for were seen in the lines from patients 1, 3, and 4; 2 of the 4 cell lines from patient 2 contained rearranged sequences, one was out-of-frame, the other used a pseudogene, the remaining 2 lines contained only germline sequences. All of the cell lines from the controls contained functional rearranged heavyand light-chain genes.
Single-cell PCR to examine VDJ and VJ rearrangements B cells that are transformed by EBV may represent a subset of the peripheral blood B cells. Therefore, single-cell PCR was used to examine VDJ rearrangements in peripheral blood lymphocytes from patient 3 and healthy controls. Two cell populations of CD19 ϩ B cells were analyzed: the cells that were brightest for CD19 and CD38 and the cells that were positive but dimmer for both markers. Cells were sorted into 80 wells of a 96-well plate. The remaining wells were used for positive and negative controls. Nested PCR using sense primers for all 6 VH gene families and antisense primers from the constant region was used to analyze heavychain gene rearrangements in each of the 2 cell populations. In the cells that were brightest for CD19 and CD38, a rearranged heavy chain was amplified from a mean of 59% of wells from 4 healthy controls, 56% of wells from a patient with a mutation in Btk, and 14% of wells from patient 3 ( Figure 4 ). Sequence analysis of 21 clones from a control and 8 clones from patient 3 demonstrated that all of the clones encoded normal-appearing, functional VDJ rearrangements. A rearranged transcript was isolated from 58% of control wells and 4% of wells from patient 3. Nine of 11 sequences from the control were in-frame, the remaining 2 were out-of-frame. Only one of 3 sequences from patient 3 was in-frame. To confirm that the cells analyzed were B cells, nested PCR using primers for Ig␣ (CD79a) was used to document the presence of B cell specific transcripts. A mean of 83% of wells from 3 controls were positive for Ig␣ and 84% of wells from patient 3 were positive.
In the plates containing cells from the second population of cells, cells that were positive for CD19 and CD38 but slightly dimmer, a mean of 52% of wells from 2 controls were positive for a VDJ rearrangement but only 3% of wells (4/160) from patient 3 were positive. The PCR products from 21 wells from one of the controls and all 4 wells from patient 3 were sequenced. Nineteen unique sequences were isolated from the 21 control wells; 18 of these were in-frame, one was out-of-frame. Four unique sequences were isolated from the patient wells; one of these was in-frame, the remaining 3 wells were out-of-frame. Fifty-eight percent of the wells from the control and 9% of wells from patient 3 were positive for transcripts. All 11 sequences from the control were in-frame, whereas only 2 of 5 sequences from patient 3 CD38 dim cells were in-frame; 96% of the wells from the control and 76% of wells from patient 3 were positive for Ig␣.
Early B-cell development
To examine earlier stages of B-cell development, BM aspirates were obtained from patients 2 and 3 and compared with those from healthy donors and patients with mutations in Btk, heavy chain, Ig␣, 5, or BLNK. Although both samples demonstrated normal cellularity, the percentages of CD19 ϩ cells were markedly decreased in the samples from patients 2 and 3, even compared with samples from other patients with defects in B-cell development (Table 3 ). In addition, the phenotype of the CD19 ϩ cells from the 2 BCR Ϫ patients was very different from that seen in healthy controls or other patients with agammaglobulinemia, but very similar to each other. The cells were brightly stained for CD19 and could not be easily characterized as to stage of differentiation ( Figure 5 ). In the healthy individual, pro-B cells are identified by the coexpression of CD19, CD34, and TdT. [22] [23] [24] [25] Pre-B cells no longer express either CD34 or TdT, but are positive for the cytoplasmic heavy chain. Most of the CD19 ϩ cells from the patients were positive for TdT but negative for CD34 and cytoplasmic heavy chain. A very small number of cytoplasmic -positive cells, Ͻ 1% of the CD19 ϩ cells, could be seen in the sample from patient 2. None were seen in the BM from patient 3. No cells bearing surface immunoglobulin were seen in either patient.
The expression of additional differentiation markers was evaluated on 3 subpopulations of BM cells: the least mature TdT ϩ , CD19 Ϫ cells, which correspond to early pro-B cells; the TdT ϩ , CD19 ϩ cells, which represent more mature pro-B cells; and the TdT Ϫ , CD19 ϩ cells which include more mature B-lineage cells. The least mature cells, the TdT ϩ , CD19 Ϫ cells, from patients 2 and 3 were similar to the TdT ϩ , CD19 Ϫ cells seen in healthy controls and the patients with mutations in Btk or heavy chain. All of these cells were positive for surface CD34 and cytoplasmic VpreB (CD179a). Between 34% and 64% of the cells were positive for receptors for IL-3 (CD123) and IL-7 (CD127) and approximately half were positive for Ig␣ (CD79a). Although the number of B-lineage cells available for analysis was low, there was a suggestion of accelerated maturation in both the BCR Ϫ patients and in the patients with defects in heavy chain or Btk. The percentage of the TdT ϩ , CD19 Ϫ cells positive for c-kit (CD117) was 11% in patient 2, 17% in patient 3, 14% in the patient with a mutation in Btk, and 15% in a patient with a defect in heavy chain. In contrast, 27% of the control early pro-B cells were positive for c-kit. A higher percentage of these cells was positive for CD20 in patients 2 and 3 (29% and 32%, respectively) than in a patient with XLA (14%), a patient with a mutation in heavy chain (Ͻ 1%), or a healthy control (Ͻ 1%; Figure 5 ).
The accelerated maturation was more notable in the TdT ϩ , CD19 ϩ cells from patients 2 and 3. In the healthy control, Ͼ 95% of the TdT ϩ , CD19 ϩ cells were positive for CD34, whereas only 22% and 31% of the TdT ϩ , CD19 ϩ cells from patients 2 and 3, respectively, were dimly positive for CD34. The total number B-lineage cells expressing CD34 was markedly decreased in both patients (supplemental Figure 3) . All of the TdT ϩ , CD19 ϩ cells from the controls and the patients were positive for cytoplasmic Ig␣ and VpreB and approximately half the cells expressed the IL-3 receptor. Expression of CD37, a tetraspan adhesion molecule that is normally expressed on TdT Ϫ , CD19 ϩ pre-B cells and more mature B cells but not TdT ϩ , CD19 ϩ pro-B cells, was seen on Ͼ 80% of the TdT ϩ , CD19 ϩ cells from patients 2 and 3, but Ͻ 5% of the cells from the healthy or disease controls. CD20 was present on the surface of 8%-36% of the healthy and disease control cells, but 56% and 86% of the TdT ϩ , CD19 ϩ pro-B cells from patients 2 and 3, respectively ( Figure 5 ).
In the healthy individual the TdT Ϫ , CD19 ϩ subpopulation in the BM includes pre-B cells, immature B cells and mature B cells with approximately half of the cells falling into the pre-B cell stage of differentiation. VpreB was identified in 60% of the TdT Ϫ , CD19 ϩ cells from healthy controls, 76%-95% of the cells from patients with mutations in Btk or heavy chain but only 11% and 30% of the cells from patients 2 and 3, respectively. Similarly, the IL-7 receptor was seen on 31% of the cells from the healthy control and the heavy chain deficient patient, 14% of the cells from the Btk deficient patient and Ͻ 1% of the cells from patients 2 and 3. In contrast, Ͻ 30% of the cells from the patient and healthy controls were positive for CD37, Ͼ 95% of the cells from patients 2 and 3 expressed this marker ( Figure 5 ).
PCR primers that amplify specific VH family members were used to analyze heavy-chain rearrangements in cDNA from both the control and the patient BM samples. Of the 75 cloned heavy-chain sequences analyzed from the control, 71 unique sequences were identified and all encoded functional VDJ rearrangements. Thirty-four unique sequences were isolated from 37 clones derived from the BM of a patient with a complete deletion of the constant region on 1 allele and a 2-bp deletion in exon 2 on the other allele. Five of these sequences encoded out-of-frame transcripts, 6 contained VH pseudo genes, and 23 encoded functional VDJ rearrangements. There were only 10 different sequences in the 74 clones from patient 2 and 8 different sequences in the 72 clones from patient 3. All of the sequences from both patient 2 and patient 3 were in-frame and coded functional VDJ heavy-chain rearrangements. The length 
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Eighteen different rearrangements were sequenced from 21 clones from the healthy control, all of which were in-frame. Twenty-seven unique sequences were amplified from the BM of the patient with heavy-chain mutations: 12 of these were in-frame and the other 15 were out-of-frame. Only 3 rearranged sequences, 2 of which were out-of-frame, were isolated from the BM of patient 2. Two rearranged sequences, both of which were out-of-frame, were detected in the BM aspirate from patient 3. Six rearranged sequences were derived from the BM of patient 2; 3 of these were in-frame and the other 3 were out-of-frame. No rearranged transcripts were isolated from the BM of patient 3.
Based on the hypothesis that the increased expression of CD19 and the lack of a BCR were due to constitutive activation through the BCR pathway, we examined the phosphorylation status of signal transduction molecules in the least mature B-lineage cells, the TdT ϩ cells, in patients 2 and 3. As shown in Figure 6 , the MFI for phosphorylated PLC␥2 (pY759) was elevated in the patients, 13.2 for patient 2 and 10.9 for patient 3, compared with the control (7.07). Total tyrosine phosphorylation was also higher in patient 2 (15.3) and patient 3 (14.6) compared with the control (7.11). More detailed analysis of the TdT ϩ cells from patient 2 showed that these cells were also more brightly stained for phosphorylated BLNK (pY84), NFkb (pS259), and ERK (pT202/pY204). Further, the MFI for TdT was decreased in both patient 2 (224) and patient 3 (181) compared with the control (359) TdT expression is normally down-regulated by expression of a rearranged heavy chain and other components of the BCR. 26, 27 Activating mutations were sought in the genes for heavy chain, Ig␣, Ig␤, Btk, BLNK, PLC␥2, Lyn, Blk, syk, all 3 isoforms of AKT, LAT2, SH3BP5 (encodes a Btk binding protein), and CD19. No mutations were detected. Polymorphisms in the promoter and 3ЈUT regions of CD19 have been reported to affect the amount of CD19 on peripheral B cells. 28, 29 One of the BCR Ϫ patients and several healthy controls were heterozygous for the haplotype associated with increased expression of CD19. 
Discussion
We have identified 4 patients with agammaglobulinemia and a small number of B cells with a distinctive phenotype characterized by increased expression of CD19 and the absence of a BCR. These cells are positive for B-cell-specific markers, including CD20, CD22, and cytoplasmic CD79a, but they do not bear surface immunoglobulin. Flow cytometry suggested that these peripheral blood B cells could be divided into 2 populations: one that was intensely stained for CD19 and a second that had more typical expression of CD19. A small number of functionally rearranged heavy chains could be identified in rare cells from the first population, whereas 3 of 4 VDJ rearrangements isolated from the second population were out-of-frame. Some of the B cells from the second population were positive for the EBV receptor CD21; it is likely that the EBV-transformed cell lines were derived from these cells. There were no functional heavy-chain VDJ rearrangements in the EBV lines.
Although the amount of cell-surface CD38 and CD21 on the CD19 brightest cells suggested that these cells were less mature than the second population, it is not clear that the second population was derived from the first. It is possible that the CD19 brightest cells do not survive and only cells that have muted signaling through the BCR become part of the second population.
Warnatz et al described a population of CD19 bright/CD21 negative cells that are present in healthy controls but are found in increased numbers in patients with common variable immunodeficiency or system lupus erythematosus. 30 These cells, which were described as being partially activated, differ from the BCR Ϫ cells described in the present study in that they were larger than naive cells, positive for CD86, negative for CD38, and, most importantly, contained a normal BCR.
Analysis of BM from 2 of the patients showed markedly reduced numbers of CD19 ϩ cells with an asynchrony of expression of B-cell markers. The least mature B-lineage cells, the TdT ϩ cells, showed enhanced tyrosine phosphorylation and reduced expression of TdT, an enzyme that is normally down-regulated by expression of an intact pre-BCR. 26, 27 Both of these findings are most compatible with constitutive activation through the pre-BCR or BCR pathway. The capacity to undergo appropriate immunoglobulin gene rearrangements in the BM was intact in these 2 patients.
However, it appeared that expression of a pre-BCR or BCR was detrimental to the survival of the B-lineage cells in these patients.
The presence of a BCR on the cell surface is thought to be essential for B-cell survival. Using conditional deletion of the VH region of a heavy chain, Rajewsky et al showed that loss of the BCR resulted in the apoptosis of peripheral B cells over a 3-to 6-day period. 31 In more recent studies, the same group has shown that a mildly constitutively active PI3K pathway but not an active NF-B, MEK1, or Rac1 pathway, can rescue BCR Ϫ B cells. 32 The rescued BCR Ϫ B cells, like the B cells from our patients, did not express activation markers but showed decreased expression of CD62L. Older data suggest that there may be other ways for BCR Ϫ B cells to survive in the periphery.
In the 1990s, several strains of transgenic mice were produced that bypass the requirement for a BCR. Alt et al showed that mice expressing an Ha-ras transgene on a RAG Ϫ or JHϪ background developed BCR Ϫ B cells in the spleen and lymph nodes in numbers that were similar to those of wild-type mice. 33 Desiderio et al produced mice transgenic for a constitutively active Blk, a B-cellspecific src family member, on a MT background. 34, 35 These mice, which were highly prone to B-cell lymphomas, also had BCR Ϫ B cells in the spleen. Finally, Longnecker et al produced mice transgenic for the EBV-derived latent membrane protein 2A (LMP2A). 36, 37 LMP2A is a transmembrane protein with an N-terminal cytoplasmic ITAM motif that allows it to mimic pre-BCR and BCR signaling. 38 On both a wild-type and a RAG Ϫ background, the LMP2A mice accumulated BCR Ϫ B cells in the periphery. The studies on the LMP2A transgenic mice are particularly relevant to the results reported in the present study. Several strains of LMP2A-transgenic mice were produced, expressing various amounts of LMP2A. 37 The mice that expressed the most LMP2A had the lowest number of splenic B cells and the highest proportion of BCR Ϫ B cells. These BCR Ϫ B cells expressed higher-density surface CD19.
In the present study, the increased intensity of CD19 expression on the surface of the B-lineage cells in the BCR Ϫ patients supports the hypothesis that there is constitutive and increased signaling through the BCR pathway. Patients with gene defects that are known to impair signaling through the BCR have B cells with decreased expression of CD19. Decreased expression of CD19 was not seen on B cells from the peripheral blood of Btk-knockout mice (unpublished personal observation), perhaps reflecting the milder AGAMMAGLOBULINEMIA AND BCR Ϫ B CELLS 1835 BLOOD, 18 AUGUST 2011 ⅐ VOLUME 118, NUMBER 7 For personal use only. on April 20, 2017 . by guest www.bloodjournal.org From effect of Btk mutations in murine B-cell development. In contrast, increased expression of CD19 was noted in transgenic mice with constitutive activation of the BCR pathway mediated by LMP2. 37 CD19, along with CD21, CD81, and CD225, forms a transmembrane complex that amplifies signals delivered through the BCR. [39] [40] [41] [42] The cytoplasmic tail of CD19 contains a series of tyrosines that act as docking sites for VAV, lyn, and PI3K. 43 The factors that control the amount of CD19 expressed on the B-cell surface are not well understood. Patients or mice that lack the tetraspanin CD81 demonstrate decreased or absent expression of CD19, 44, 45 indicating that CD81 either plays a role in escorting CD19 to the cell surface or stabilizes CD19 once it is on the cell surface. 46 Studies on cell lines suggest that internalization of CD19 is inversely correlated with the amount of CD21 on the cell surface. 47 In cultures of human BM cells, the amount of CD19 on the cell surface is enhanced by stimulation with IL-7, 48 indicating that the expression of CD19 is at least partly controlled by the activation status of the cells. It is not clear whether this control occurs at the transcriptional level or the protein level. B cells from individuals who are heterozygous for truncating mutations in CD19 demonstrate reduced expression of CD19. 49 Studies in mice that are transgenic for high copy numbers of human CD19 have shown that the amount of CD19 transcribed has a direct effect on the amount of CD19 on the cell surface. 50 Mice that are homozygous for the transgenes have almost twice the amount of CD19 on B220 ϩ B cells as heterozygous mice. Overexpression of CD19 is associated with decreased numbers of circulating B cells. Mice with the highest copy number of human CD19 had Ͻ 20% of the normal number of B cells in the blood. 50 To allow both positive and negative selection, successful B-cell development permits only a narrow window of signaling intensity activated by the BCR. Decreased signal intensity, as is seen in patients with mutations in Btk or BLNK, results in a marked decrease in B-cell numbers. Animal models suggest that increased intensity of signaling through the BCR also results in decreased numbers of B cells. Our data are consistent with the hypothesis that some patients have agammaglobulinemia and absent B cells as a consequence of constitutive activation through the BCR pathway. A better understanding of the control of this pathway may provide ways to manipulate the immune system in patients with autoimmune disease or may aid in vaccine development.
